Nova Southeastern University

NSUWorks
Marine & Environmental Sciences Faculty Articles Department of Marine and Environmental Sciences

NSUWorks Citation
Dorothy-Ellen A. Renegar, Nick Turner, Bernhard Riegl, Richard E. Dodge, Anthony H. Knap, and Paul Schuler. 2017. Acute and SubAcute Toxicity of the Polycyclic Aromatic Hydrocarbon 1-Methylnaphthalene to the Shallow-Water Coral Porites divaricata:
Application of a Novel Exposure Protocol .Environmental Toxicology and Chemistry , (1) : 212 -219. https://nsuworks.nova.edu/
occ_facarticles/754.

This Article is brought to you for free and open access by the Department of Marine and Environmental Sciences at NSUWorks. It has been accepted
for inclusion in Marine & Environmental Sciences Faculty Articles by an authorized administrator of NSUWorks. For more information, please contact
nsuworks@nova.edu.

1-1-2017

Acute and Sub-Acute Toxicity of the Polycyclic
Aromatic Hydrocarbon 1-Methylnaphthalene to
the Shallow-Water Coral Porites divaricata:
Application of a Novel Exposure Protocol
Dorothy-Ellen A. Renegar
Nova Southeastern University, <<span class="elink">drenegar@nova.edu

Nick Turner
Nova Southeastern University, <<span class="elink">nt325@nova.edu

Bernhard Riegl
Nova Southeastern University, <<span class="elink">rieglb@nova.edu

Richard E. Dodge
Nova Southeastern University, <<span class="elink">dodge@nova.edu

Anthony H. Knap
Texas A&M University
See next page for additional authors

Find out more information about Nova Southeastern University and the Halmos College of Natural Sciences
and Oceanography.

Follow this and additional works at: https://nsuworks.nova.edu/occ_facarticles
Part of the Marine Biology Commons, and the Oceanography and Atmospheric Sciences and
Meteorology Commons

Authors

Paul Schuler
Nova Southeastern University

This article is available at NSUWorks: https://nsuworks.nova.edu/occ_facarticles/754

A c c e p t e d P r e p r i nt

Environmental Toxicology
ACUTE AND SUB-ACUTE TOXICITY OF THE POLYCYCLIC AROMATIC
HYDROCARBON 1-METHYLNAPHTHALENE TO THE SHALLOW-WATER CORAL
PORITES DIVARICATA: APPLICATION OF A NOVEL EXPOSURE PROTOCOL

D. ABIGAIL RENEGAR, NICHOLAS R. TURNER, BERNHARD M. RIEGL, RICHARD E. DODGE,
ANTHONY H. KNAP, and PAUL A. SCHULER

Environ Toxicol Chem., Accepted Article • DOI: 10.1002/etc.3530

Accepted Article
"Accepted Articles" are peer-reviewed, accepted manuscripts that have not been edited, formatted, or
in any way altered by the authors since acceptance. They are citable by the Digital Object Identifier
(DOI). After the manuscript is edited and formatted, it will be removed from the “Accepted Articles”
Web site and published as an Early View article. Note that editing may introduce changes to the
manuscript text and/or graphics which could affect content, and all legal disclaimers and ethical
guidelines that apply to the journal pertain. SETAC cannot be held responsible for errors or
consequences arising from the use of information contained in these manuscripts.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt

Environmental Toxicology

Environmental Toxicology and Chemistry
DOI 10.1002/etc.3530

ACUTE AND SUB-ACUTE TOXICITY OF THE POLYCYCLIC AROMATIC HYDROCARBON 1METHYLNAPHTHALENE TO THE SHALLOW-WATER CORAL PORITES DIVARICATA:
APPLICATION OF A NOVEL EXPOSURE PROTOCOL

Running title: Toxicity of 1-methylnaphthalene to Porites divaricata

D. ABIGAIL RENEGAR,*† NICHOLAS R. TURNER,† BERNHARD M. RIEGL,† RICHARD E. DODGE,†
ANTHONY H. KNAP,‡ and PAUL A. SCHULER§†

†Halmos College of Natural Sciences and Oceanography, Nova Southeastern University, Dania,
Florida, USA
‡Texas A&M University, College Station, Texas, USA
§Clean Caribbean and Americas, Fort Lauderdale, Florida, USA

* Address correspondence to drenegar@nova.edu

This article contains online-only Supplemental Data

This article is protected by copyright. All rights reserved
Submitted 25 February 2016; Returned for Revision 24 March 2016; Accepted 13 June 2016

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt

Abstract: Previous research evaluating hydrocarbon toxicity to corals and coral reefs has generally
focused on community level effects, and results are often not comparable between studies due to
variability in hydrocarbon exposure characterization and evaluation of coral health and mortality during
exposure. Toxicity of the polycyclic aromatic hydrocarbon 1-methylnaphthalene to the coral Porites
divaricata was assessed in a constant exposure toxicity test utilizing a novel toxicity testing protocol
uniquely applicable to shallow-water corals, which considered multiple assessment metrics and
evaluated the potential for post-exposure mortality and/or recovery. Acute and sub-acute effects (gross
morphological changes, photosynthetic efficiency, mortality, and histologic cellular changes) were
evaluated during pre-exposure (4 wk), exposure (48 h) and post-exposure recovery (4 wk) periods.
Coral condition scores were used to determine a 48 h EC50 of 7,442 µg/L. Significant physical and
histological changes were caused by 640 and 5,427 µg/L 1-methylnaphthalene after exposure, with a 1
to 3 d delay in photosynthetic efficiency effects (ΔF/Fm). Pigmented granular amoebocyte area was
found to be a potentially useful sub-lethal endpoint for this species. Coral mortality was used to
estimate a 48 h LC50 of 12,123 µg/L. This article is protected by copyright. All rights reserved

Keywords: Corals; Marine toxicity tests; Polycyclic aromatic hydrocarbons (PAHs); 1methylnaphthalene; Passive dosing
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INTRODUCTION
As one of the few productive ecosystems that thrive within oligotrophic seas, coral reefs are

diverse and complex marine communities which are an essential part of the geology and ecology of
tropical and subtropical oceans [1]. The complex communities associated with coral reefs depend on
the structural role provided by hermatypic corals [1, 2]. Coral reefs typically exist in coastal
environments often directly adjacent to areas of dense human population, providing ample opportunity
for anthropogenic impacts (including oil pollution) to have substantial negative effects. Despite
multiple studies on the effects of petroleum hydrocarbons on corals, data remain limited compared to
other species; few reports from past oil spills refer specifically to corals, and previous research tends to
be general and sometimes contradictory [2, 3]. A wide variety of lethal and sub-lethal effects of oil on
corals and endosymbionts have been reported, from increased mortality to altered cellular physiological
condition in the coral animal [4-6]. Physical changes to corals include tissue contraction, distension and
rupture, mesenterial filament extrusion, nematocyst discharge and fragmentation, tentacle retraction,
and abnormal polyp behavior with inhibition of feeding or tactile response [4, 5, 7, 8]. Metabolic
changes (reduced growth rate, increased protein to lipid ratios, and shifts from metabolic homeostasis),
decreased photosynthetic yield and symbiont density have also been noted [4, 7, 9]. When data sets do
exist, and effects can be quantified, comparability between effects is usually difficult due to variability
in oil composition, different weathering processes, different methods of solution preparation, various
exposure conditions, and a lack of quantitative hydrocarbon chemistry of test solutions [3, 10, 11].
Thus, a substantial data gap exists on the toxicity thresholds of hydrocarbons to corals, from the
organismal to cellular level.
Crude oil is a complex mixture of several thousand molecular compounds, with each oil

containing widely varying amounts of chemicals. The relative solubility and persistence of constituent
aromatic hydrocarbons results in crude oils with different toxic impacts [11-13]. A central issue in
This article is protected by copyright. All rights reserved
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toxicity studies is often the lack of quantitative chemical analyses [3, 14, 15], with results frequently
based on nominal concentrations; of published studies on hydrocarbon toxicity to corals, only
approximately 21% include quantitative hydrocarbon chemistry. Mixing energy and loading method
can have a profound effect on the dissolution, bioavailability, and relative concentration of constituent
hydrocarbons [16]. Speciated hydrocarbon characterization is thus necessary for results to be
extrapolated to oil spills or compared between studies [10, 11, 15].
An alternative to whole oils in toxicity studies is the use of individual hydrocarbons. Petrogenic

hydrocarbons are type I narcotic chemicals with a single toxic mode of action (narcosis). Therefore, the
toxicity of specific oils results from only the additive toxicity of constituent hydrocarbons, especially
aromatics [12, 13, 17, 18]. The target lipid model provides a quantitative framework for describing the
toxicity of dissolved hydrocarbons and is based on the hypothesis that toxicity results when organismal
tissue lipid concentrations of a specific hydrocarbon exceed the critical threshold for the organism in
question, leading to morbidity and eventual mortality [18]. The hydrophobicity of polycyclic aromatic
hydrocarbons (PAHs) promotes partitioning across permeable membranes into organismal tissue lipids
until equilibrium is reached [12]. This is particularly relevant to coral tissue which has a high lipid
content [19], although uptake and persistence of hydrocarbons during and after exposure may depend
significantly on type and duration of exposure, and specific characteristics of the exposed species. Even
low concentrations may impair behavioral and developmental processes by disrupting energetic and
biosynthetic pathways at the cellular level. Sub-lethal changes to these pathways may result in
impairment of feeding mechanisms, growth and development rates, energetics, reproductive outputs,
recruitment rates, or other histopathological disorders [2].
Modeling the toxicity of individual hydrocarbons based on lethality and sub-lethal effects

permits prediction of the toxicity of any complex hydrocarbon mixture [13, 17], while limiting
experimental and analytical challenges. Single hydrocarbons, such a naphthalene, are often a
substantial contributor to the PAH content of water-accommodated fractions (WAF) of petroleum
This article is protected by copyright. All rights reserved
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substances, and are therefore commonly used in toxicological studies [20-23]. Alkylated PAHs are
usually more abundant than parent PAHs [12, 21, 24, 25], and demonstrate increased toxicity as a result
of increased lipophilicity [21, 25]. Consequently, alkylated derivatives such as 1-methynaphthalene
may be more useful than the parent PAH in toxicity studies.
As past studies have used a wide variety of metrics to evaluate coral response to hydrocarbon

exposure, and acute mortality can be difficult to assess in benthic sessile organisms such as corals, the
present study developed a novel toxicity testing protocol uniquely applicable to shallow-water corals,
which considers specific assessment metrics and evaluates the potential for post-exposure mortality
and/or recovery. Using this protocol, acute and sub-acute effects (mortality, gross morphological
changes, photosynthetic efficiency, and histologic cellular changes) of 1-methylnaphthalene to the
shallow-water coral Porites divaricata were evaluated during pre-exposure (4 wk), exposure (48 h
constant exposure) and post-exposure recovery (4 wk) periods. This research provides new data on sublethal and lethal toxicity thresholds of 1-methylnaphthalene to a model coral species.
MATERIALS AND METHODS
Pre-exposure (4 wk)
Branch tips (2 cm in length) of the thin finger coral Porites divaricata were collected from

shallow waters offshore of Broward County, Florida. This coral was selected due to its growth form
and adaptability to laboratory conditions, which make it an ideal model species. The coral fragments
were attached with a minimal amount of cyanoacrylate gel glue to small numbered aragonite bases and
allowed to acclimate to laboratory conditions in a 300 gallon indoor system. Natural seawater was
used; the system was maintained at 26°C and light was provided by LED lights (Photon) (12 h
photoperiod, programmed sunrise and sunset). Corals were not fed during the pre-exposure period. The
condition of each coral was semi-quantitatively scored [including color, polyp extension/retraction,
tissue swelling/distension, and mucus production, on a scale of 0 (normal limits) to 3 (severely
affected)]. This scoring system was adapted from a histologically verified stress index developed for
This article is protected by copyright. All rights reserved
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real-time coral health assessment [26]. Photosynthetic efficiency measurements were used as an
indicator of the physiological status of the autotrophic endosymbiotic zooxanthellae. The light adapted
effective quantum yield [(Fm–F)/Fm or ΔF/Fm] of the endosymbiotic zooxanthellae was determined
from the ratio of initial fluorescence (F) to maximum fluorescence (Fm) by applying a saturation pulse
of light using a pulse amplitude modulated fluorometer (Diving-PAM, Walz, Germany). The following
parameters were chosen to determine yield for P. divaricata: measuring light intensity = 3, damping =
2, gain = 3, saturation intensity = 7, and saturation width = 0.8. These were determined by a
combination of published literature values [9], and parameter adjustment until the saturation curve had
the characteristic plateau required for accurate depiction of effective quantum yield. Ten randomly
selected coral fragments were collected at the end of the pre-exposure period for histological analysis.
Exposure (48 h)
Coral exposure to 1-methylnaphthalene was conducted using a continuous flow recirculating

passive dosing system [13, 27] (Figure 1) in a 48 h constant exposure using chambers similar to those
described and employed by the Chemical Response to Oil Spills Ecological Effect Research Forum
(CROSERF) [16]. Five treatments were used, with 3 replicate dosing systems per treatment, based on
polydimethylsiloxane (PDMS) O-rings as dosing mechanisms. A seawater control (with O-rings), a
methanol (MeOH) control (with O-rings), and 3 concentrations of 1-methylnaphthalene were tested
(nominally 500 µg/L, 5,000 µg/L, and 25,000 µg/L). The seawater control was utilized to rule out any
effect of the O-rings, and possible effects of the chamber system. The methanol control was used to
determine whether a solvent effect resulted from loading of the O-rings. Treatments were randomly
assigned to dosing systems.
Before the start of the exposure period, PDMS O-rings (O-Rings West) were cleaned by rinsing

in ethyl acetate (Fisher Scientific) (24 h), methanol (Fisher Scientific) (3x in 24 h), and deionized water
(3x in 24 h), then dried at 110°C for one h. Stock solutions of 1-methylnaphthalene (Acros Organics,
97%) in methanol were prepared using the equation
This article is protected by copyright. All rights reserved
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where CMeOH is the concentration of 1-methylnaphthalene added to methanol (mg/L); Ctarget is the
target concentration in seawater (mg/L); Vmethanol is the volume of the methanol dosing solution (mL);
VPDMS is the volume of PDMS O-rings in the mixing vessel (mL); Vwater is the volume of water in the
recirculating flow-through system (mL); KMeOH-PDMS is the partition coefficient of 1-methylnaphthalene
between methanol and PDMS (log KMeOH-PDMS= 0.70); and KPDMS-Water is the partition coefficient of 1methylnaphthalene between PDMS and water (log KPDMS-Water= 2.98) [27].
The calculated amount of 1-methylnaphthalene required for each experimental concentration

was dissolved in methanol and mixed for 24 h. Cleaned PDMS O-rings (114 for each
concentration/treatment, 38 per replicate, mean mass 1.06g) were added to the methanol stock solutions
and allowed 72 h (on an orbital shaker) for adequate partitioning of 1-methylnaphthalene into the Orings [13, 27]. Calculated depletion of 1-methylnaphthalene in both reservoirs was 4.42% in the MeOH
loading solution, and 7.41% in the PDMS O-rings.
Prepared O-rings were then transferred to the assigned dosing systems. Each dosing chamber

was filled with 500 mL seawater from the laboratory system, filtered to 1 µm (Polymicro) and 3 Orings; each dosing vessel was filled with 2300 mL filtered seawater and 35 O-rings (dosing systems had
<10% headspace when filled and operational, to limit volatile loss, and were vigorously stirred
throughout). The peristaltic pumps were started and the systems were allowed 16 h for equilibration
[13, 27].

After equilibration, 5 randomly assigned corals were added to each chamber, and the 48 h

exposure was initiated. All equipment was monitored for continuous operation within designated limits
throughout the duration of exposure. As during the pre-exposure period, corals were not fed and
This article is protected by copyright. All rights reserved
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lighting was provided by LED lights (Photon) (12 h photoperiod, programmed sunrise and sunset).
Coral condition was assessed hourly for the first 8 h after exposure initiation, and every 12 h thereafter
for the remainder of the 48 h exposure. Semi-quantitative measurements of coral condition were
recorded and percent recent mortality [28] was visually estimated concurrent with coral condition
observations. After the 48 h exposure, the chambers were opened and surviving corals were transferred
back to the laboratory system for monitoring during a post-exposure recovery period. Two randomly
selected corals from each chamber were collected at this time for histological analysis.
Post-exposure recovery (4 wk)
Following the 48 h exposure, three surviving corals were transferred back to the acclimation

system for the 4 wk post-exposure recovery period. Coral fragments were maintained under the same
conditions as described for pre-exposure. Corals were not fed during the post-exposure period.
Condition of each coral was assessed daily for 1 wk, and twice weekly thereafter, using PAM
fluorometry and semi-quantitative measurements of coral condition and mortality as previously
described. All remaining coral fragments were collected for histological analysis at the end of the postexposure period.
Histology

Coral samples for histological analysis were fixed in 2% glutaraldehyde in sodium cacodylate

buffered seawater for 4 d to 6 d at 4°C, then decalcified in 5% HCl/EDTA seawater solution,
dehydrated in a graded series of ethanols and xylene, and embedded in paraffin wax (Paraplast Plus).
Longitudinal and transverse sections (4 µm) were mounted on slides. Sections were cleared in xylene
and stained with Hematoxylin & Eosin. Stained slides were viewed in an Olympus BX 43 light
microscope at magnifications ranging from 4x to 60x and photographed with an Olympus DP21 digital
camera for image analysis of cellular structures. Coral tissues were assessed for quantitative changes in
overall tissue characteristics, individual cell types and degeneration of tissues. Digital micrographs
were calibrated in Image J, and tissue and cellular characteristics were measured on screen. Area of the
This article is protected by copyright. All rights reserved
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epidermis and gastrodermis in the coenenchyme (the common mesenchymal tissue which links colonial
polyps in corals) was determined by tracing the edge of each layer along a 100 µm contour length (ten
per sample), and the area of mucocytes and granular amoebocyte cells was determined by tracing the
cell margins. These measurements were then used to quantify the relative surface area per contour
length for each metric.
Hydrocarbon chemistry and water quality
Water samples for 1-methylnaphthalene analysis were collected from a port on the outflow line

of each chamber (Figure 1). Samples were collected in certified volatile organic analyte vials (Thermo
Scientific) vials (with no headspace) at the start (0 h, immediately prior to addition of corals), middle
(24 h), and end (48 h, immediately prior to removal of corals) of the exposure to verify the stability of
the concentration throughout the exposure. Five duplicate samples were collected and analyzed at each
time point. Samples were preserved at 4°C and concentration of 1-methylnaphthalene was quantified in
a Horiba Aqualog Spectrofluorometer after extraction with dichloromethane (Sigma Aldrich). All
solvents used in these analyses were analytical grade and tested prior to use. A calibration curve with at
least five points was run daily (analytical standard, Supelco); the coefficient of determination (r2) was
required to be greater than 0.99 before the samples were run. Blanks were run vs air and tested to
determine that no emission was observed at the wavelengths (excitation and emission) used for 1methylnaphthalene.
Additional water samples for basic water quality were collected at the start and end of the

exposure. Nutrients [ammonia (NH3), nitrite (NO2), nitrate (NO3), phosphate (PO4)] were measured
with a HACH DR850 colorimeter; pH, dissolved oxygen (DO) and temperature were measured with a
YSI 556 Multiprobe System; and alkalinity was determined by potentiometric titration with a MettlerToledo DL22 autotitrator.
Statistical analyses

This article is protected by copyright. All rights reserved
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All data were tested for normality (Brown-Forsythe) and homoscedasticity (Komolgorov-

Smirnov/Lilliefors) and transformed to meet these assumptions where applicable, or nonparametric
methods were used. Tukey’s Unequal N HSD (parametric) or Multiple Comparisons (nonparametric)
was used for post-hoc analysis. All statistical tests were performed using STATISTICA 12.
Kruskal Wallis ANOVA on ranks (α=0.05) with untransformed data was used to compare mean

coral condition score (mean of 5 coral fragments in each replicate, n=3 replicates) between treatments
(during pre-exposure, exposure, and post-exposure periods) and water quality data between treatments.
One-way ANOVA on untransformed data was used to compare mean quantum yield (mean of 5 coral
fragments in each replicate, n=3 replicates) between treatments over the pre-exposure and postexposure periods. To compare histological characteristics, mixed-model 3-way nested ANOVA
[Factors: Treatment, Chamber and Coral (Chamber)] (α=0.05) was used to compare mean area (mean
of 10 measurements per coral, n=2 corals per time point) between treatments at each time interval.
The median lethal concentration (LC50) was calculated using the graphical method [29]. The

median effect concentration (EC50) was calculated from mean coral condition scores with GraphPad
Prism 6.0.

RESULTS AND DISCUSSION
Hydrocarbon chemistry and water quality
Measured concentrations of 1-methylnaphthalene over the exposure period for each treatment

are shown in Table 1 (and Supplemental Data, Table S1). All of the aqueous concentrations were in
general agreement with predicted values, with a maximum mean variability in concentration of 13.2%,
and a maximum mean loss of 5.79% over 48 h for all of the exposure levels. The variability in
concentration between replicates likely resulted from free material adsorbed to the O-rings; additional
rinsing of O-rings before transfer to the dosing system has been subsequently added to the
methodology.
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Similar to previous experiments utilizing passive dosing [13], the present study demonstrates

the value of the this methodology in achieving and maintaining relatively stable PAH concentrations
during dosing experiments with minor loss over test periods. Most petroleum PAHs are sparingly
soluble, and obtaining constant exposure concentrations can be challenging due to loss mechanisms
(sorption, volatilization, and degradation) [13, 30]. Studies without passive dosing often demonstrate
substantial declines in PAH concentration over the exposure period; for example, a 35–55% loss of
total PAH over 24 h in exposure vessels with >10% headspace [20], a 64% decline in total PAH over
84 h [31], and 20.9% and 10.8% loss over 24 h of naphthalene and 2-methylnaphthalene, respectively
[32]. Although naphthalene has a relatively high water solubility compared to other PAHs, loss in the
exposure system will occur without a reservoir to equilibrate at a specified concentration.
Quality assurance and quality control
Coral condition and photosynthetic efficiency were consistent in all corals during the pre-

exposure period; no significant differences in mean coral condition score (p=0.4159) or mean quantum
yield (F(5,12)=1.532, p=0.2518) were found. Histological analysis indicated no significant differences in
mean epidermal mucus area %, gastrodermal mucus area %, epidermal pigmented granular amoebocyte
area % or gastrodermal pigmented granular amoebocyte area % between corals collected at the end of
the pre-exposure period and corals from both control treatments after the exposure period (p>0.05).
Additionally, no significant effect was found for the nested random factor of treatment chamber
(p>0.05) in the analysis of histological characteristics after the exposure period.
A summary of water quality parameters is found in Supplemental Data, Table S2. Significant

increases (p<0.05) in nutrient concentrations (PO4, NH3, and NO2) and significant decreases (p<0.05)
in pH and DO were found in the 25,832 µg/L treatment chambers compared to other treatments, likely
due to coral tissue necrosis in the highest concentration tested. No significant differences (p>0.05) in
pH, alkalinity, PO4, NH3, NO2, NO3 or DO were found between the seawater control, MeOH control,
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640 µg/L or 5,427 µg/L treatments, and no significant difference (p>0.05) in temperature was found
between all treatments.
Physical coral response, LC50 and EC50
Progressive coral physical response is shown in Figure 2. Overall, corals in both the seawater

and methanol control treatments exhibited normal polyp extension, with limited mucus production and
no tissue swelling during the 48 h exposure period. Corals exposed to 640 µg/L displayed some polyp
and coenenchyme distension as well as a qualitative delay in tactile response after 48 h; both are
consistent with a narcotic action and have been observed in other coral species in response to oil and
drilling mud exposure [33]. The 5,427 µg/L exposed corals had marked, progressive polyp retraction,
moderate tissue swelling and mucus production after 24 h. The corals exposed to 25,832 µg/L exhibited
full polyp retraction and substantial mucus production within 6 h of exposure, with 100% mortality
occurring after 24 h. Mesenterial filament extrusion was not apparent, although this is noted as a
response to hydrocarbon exposure in other coral species [33]. As no coral mortality was found at a
concentration of 5,427 µg/L and no partial mortality was observed, the graphical method was used to
calculate an LC50 of 12,123 µg/L.
The highest mean concentration tested, 25,832 µg/L, resulted in a 600% increase in condition

score after 1 h of exposure, and 5,427 µg/L resulted in an overall 681% higher coral condition score
compared to both control treatments after 48 h. The lowest exposure concentration, 640 µg/L, did not
result in significant changes to condition score compared to both control treatments.
Comparison of mean coral condition score for each treatment at each interval over the pre-

exposure, exposure, and post-exposure periods found significant treatment effects at all time points
from 1 h after initiation of exposure to 9 d post-exposure (p<0.05). Post-hoc analysis indicated that the
5,427 µg/L and 25,832 µg/L treatment corals scored significantly higher than the 640 µg/L and both
control treatments at the end of the exposure period (Figure 3A). After 1 d of recovery, the 640 µg/L
corals scored similarly to both control treatments (p>0.05) while the 5,427 µg/L coral scores remained
This article is protected by copyright. All rights reserved
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significantly higher (p<0.05) than both control treatments until 1 wk of recovery (Figure 3A). After 9 d
of recovery no treatment effect on coral condition was observed (p>0.05). Coral condition scores were
used to calculate an EC50 of 7,442 µg/L (95% CI: 4,905–11,290 µg/L).
Mean quantum yield (Figure 3B) was not significantly different between treatments at the end

of the pre-exposure and exposure periods, or after 1 wk of recovery (p>0.05). However, mean quantum
yield of the 5,427 µg/L corals was significantly higher than both control treatments from 1 to 3 d postexposure, and higher than the 640 µg/L corals from 1 to 4 d post-exposure (p<0.05) (data not shown).
After 1 wk of recovery, no significant differences between treatments were found (p>0.05) (Figure 3B).
The observed increase in photosynthetic efficiency in the 5,427 µg/L exposed corals is in contrast to
other studies [9], but may be related to the increase in granular amoebocytes in the epidermis or be
driven by increased demand, as zooxanthellae are involved in mucus production [1].
Histology

Histologically, control corals had normal cellular architecture, with columnar epidermis, intact

mucocytes and abundant granular amoebocytes in the coenenchyme (Figure 4A). After 48 h of
exposure to 640 µg/L, some tissue swelling was evident, concomitant with elevated mucus production
in the epidermis (Figure 4B). After 48 h of exposure to 5,427 µg/L, epidermal structure was
compromised with atrophy of epidermal mucocytes and extensive swelling of the gastrodermis (Figure
4C). The coral surface mucus layer, as the interface between the coral epithelium and the environment,
is of central importance as a primary protective physiochemical barrier and plays a central role in
ciliary-mucus feeding and surface cleansing [34]. It has been suggested that mucus may bind or absorb
pollutants such as aromatic hydrocarbons [24] or metals [35, 36] and so confer some protection to the
underlying coral tissues either by providing a physical barrier or as an avenue for pollutant release [24].
Increased mucus secretion, hyperplasia, hypertrophy, and atrophy of mucocytes has been described as a
response to oil exposure in several other coral species [7, 24]. In the present study, exposure to 25,832
µg/L resulted in marked, significant mucus secretion within 4 h of exposure. Significant treatment
This article is protected by copyright. All rights reserved
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effects were found for both epidermal mucocyte area (F(3,8)=13.762, p=0.0016) and gastrodermal
mucocyte area (F(3,8)=5.277, p=0.0267) after 48 h of exposure. No significant differences in mucocyte
area were found after the post-exposure recovery period (p>0.05).
Histologically, the 5,427 µg/L exposed corals had significantly less mucus in the epidermis and

upper gastrodermis compared to the other treatments (p<<0.01) after 48 h of exposure (Figure 5A and
Figure 5B). While not significantly different, epidermal mucus area in the 640 µg/L corals compared to
both control treatments was 19% higher after 48 h of exposure (Figure 5A), indicative of an elevated
mucus secretion response in the 640 µg/L corals which has exceeded short-term mucus production
capacity in the 5,427 µg/L corals.
Areas of localized epidermal necrosis observed in the 5,427 µg/L corals may follow this

apparent exhaustion of mucus production capacity, therefore resulting in significantly increased
granular amoebocyte area in the epidermis. Significant treatment effects were found for epidermal
amoebocyte area (F(3,8)=21.664, p=0.0003) after 48 h of exposure. Post-hoc analysis indicated that
epidermal granular amoebocyte area in the 640 µg/L corals was significantly greater than both control
treatments (p<<0.01) (Figure 5C), and that the 5,427 µg/L corals had significantly greater pigmented
granular amoebocyte area in the epidermis (p<<0.01), and significantly less granular amoebocyte area
in the gastrodermis (p<0.05) compared to the other treatments (Figure 5C and Figure 5D). No
significant differences were found after the post-exposure recovery period (p>0.05).
The pigmented granular amoebocytes common to this genus appear to play a central role in the

inflammatory and immune response to tissue injury [37]; thus, of the histological parameters assessed,
granular amoebocyte area may be a useful sub-lethal endpoint for this species. This parameter was used
to determine a supplemental EC50 of 6,695 µg/L (95% CI: 2,973–10,420 µg/L), which was slightly
more conservative than the EC50 determined from coral condition data.
Comparative toxicity
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The graphically determined 48 h LC50 of 12,123 µg/L estimated in the present study indicates

that P. divaricata may be less sensitive to hydrocarbon exposure than other marine invertebrate species.
Previously published LC50 values [32, 38] for other species to methylated naphthalenes are not
common. For temperate marine arthropods, LC50 values for 2-methylnaphthalene with comparable
exposure times (48 h) are reported as 5,000 µg/L for Cancer magister [39] and 1,400 µg/L for
Palaemonetes pugio [22]. For temperate marine molluscs, the range is from 1,910 to 8,130 µg/L 2methylnaphthalene [22]. Data for naphthalene are more abundant, with organismal LC50 (48 h)
ranging from 2,350 µg/L for Palaemonates pugio to 68,000 µg/L for Katelysia opima [22]. To date,
only one other study has examined toxicity of individual hydrocarbons to adult scleractinian corals,
determining an LC50 for fluoranthene of 31.4 µg/L (95% CI: 22.4-44.9 µg/L) and 435.1 µg/L (95% CI:
74.2-∞ µg/L) of the upper and under sides, respectively, of P. divaricata branches [9]. As LC50 values
for other coral reef organisms ranged from 16 µg/L to 67.5 µg/L [9, 40], this indicates that P.
divaricata may be similarly less sensitive to fluoranthene, although as with much published data, a lack
of quantitative chemistry and inconsistency in experimental protocols makes direct comparisons
challenging and uncertain.
CONCLUSIONS
Previous studies have characterized the effect of petroleum hydrocarbons on corals with a wide

variety of assessment metrics, which limit cross-study comparability. In the present study, exposure to
1-methylnaphthalene significantly impacted physical condition, photosynthetic efficiency, and
histologic parameters in the shallow-water scleractinian coral P. divaricata, although the potential for
post-exposure recovery was observed.
A significant contribution of the present study is development and application of a standardized

toxicity testing protocol for adult scleractinian corals which considers coral response at multiple levels
of resolution and is applicable to many coral species and test scenarios. The present study has
generated new hydrocarbon toxicity data for shallow-water scleractinian corals, demonstrating
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significant lethal and sub-lethal impacts of the hydrocarbon 1-methylnaphthalene to P. divaricata.
Further experimentation utilizing this testing protocol with other single hydrocarbons, both in this
species and with additional coral species will contribute to a more complete picture of hydrocarbon
toxicity to scleractinian corals.
Supplemental Data—The Supplemental Data are available on the Wiley Online Library at DOI:
10.1002/etc.xxxx.
Acknowledgment—We gratefully acknowledge Clean Caribbean and Americas for funding this
ongoing project. We thank the Nova Southeastern University/Clean Caribbean and Americas project
advisory committee members: P. Schuler (Clean Caribbean and Americas/Oil Spill Response Limited),
V. Broje (Shell), E. DeMicco (ExxonMobil), D. Eggert (Chevron), C. Le-Mut Tiercelin (Centre of
Documentation, Research and Experimentation on Accidental Water Pollution), and B. Benggio
(National Oceanic and Atmospheric Administration), as well as numerous collaborators for their key
input on study design. We thank J. Stocker and N. Odzer for their assistance during the experiment.
Experimental corals were collected and retained under Florida Fish and Wildlife Conservation
Commission Special Activity License #SAL-15-1685-SRP.
Data availability—Readers may contact the primary author (drenegar@nova.edu) for access to the
digital data.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt

REFERENCES
1.

Goldberg W. 2013. The Biology of Reefs and Reef Organisms. The University of Chicago Press,

Chicago, IL USA.
2.

Shigenaka G. 2001. Toxicity of oil to reef-building corals: A spill response perspective. NOAA

Technical Memorandum NOS OR&R 8. U.S. Dept. of Commerce, National Oceanic and Atmospheric
Administration, National Ocean Service, Office of Response and Restoration, Silver Spring, MD.
3.

NRC. 2005. Oil Spill Dispersants: Efficacy and Effects. The National Academies Press,

Washington, DC, USA.
4.

Guzmán HM, Jackson JB, Weil E. 1991. Short-term ecological consequences of a major oil-

spill on Panamanian subtidal reef corals. Coral Reefs 10:1-12.
5.

Downs CA, Richmond RH, Mendiola WJ, Rougee L, Ostrander GK. 2006. Cellular

physiological effects of the MV Kyowa Violet fuel-oil spill on the hard coral, Porites lobata. Environ
Toxicol Chem 25:3171-3180.
6.

Shafir S, Van Rijn J, Rinkevich B. 2007. Short and long term toxicity of crude oil and oil

dispersants to two representative coral species. Environ Sci Technol 41:5571-5574.
7.

Peters EC, Meyers PA, Yevich PP, Blake NJ. 1981. Bioaccumulation and histopathological

effects of oil on a stony coral. Mar Pollut Bull 12:333-339.
8.

Knap AH. 1987. Effects of chemically dispersed oil on the brain coral, Diploria strigosa. Mar

Pollut Bull 18:119-122.
9.

Guzmán-Martinez MDC, Romero PR, Banaszak AT. 2007. Photoinduced toxicity of the

polycyclic aromatic hydrocarbon, fluoranthene, on the coral, Porites divaricata. J Environ Sci Health,
Pt A: Environ Sci Eng Toxic Hazard Subst Control 42:1495-1502.
10.

Haapkylae J, Ramade F, Salvat B. 2007. Oil pollution on coral reefs: A review of the state of

knowledge and management needs. Vie et Milieu 57:95-111.
This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
11.

Redman AD, Parkerton TF. 2015. Guidance for improving comparability and relevance of oil

toxicity tests. Mar Pollut Bull 98:156-170.
12.

NRC. 2003. Oil in the Sea III: Inputs, Fates, and Effects. The National Academies Press,

Washington, DC, USA.
13.

Butler JD, Parkerton TF, Letinski DJ, Bragin GE, Lampi MA, Cooper KR. 2013. A novel

passive dosing system for determining the toxicity of phenanthrene to early life stages of zebrafish. Sci
Total Environ 463-464:952-958.
14.

Coelho GM, Clark JR, Aurand D. 2013. Toxicity testing of dispersed oil requires adherence to

standardized protocols to assess potential real world effects. Environ Pollut 177:185-188.
15.

Bejarano AC, Clark JR, Coelho GM. 2014. Issues and challenges with oil toxicity data and

implications for their use in decision making: a quantitative review. Environ Toxicol Chem 33:732-742.
16.

Aurand D, Coelho GM. 2006. Cooperative aquatic toxicity testing of dispersed oil and the

chemical response to oil spills: ecological effects research forum (CROSERF). Technical Report 07-03.
Ecosystems Management & Associates, Inc., Lusby, MD.
17.

Redman AD, Parkerton TF, McGrath JA, Di Toro DM. 2012. PETROTOX: An aquatic toxicity

model for petroleum substances. Environ Toxicol Chem 31:2498-2506.
18.

McGrath JA, Parkerton TF, Hellweger FL, Di Toro DM. 2005. Validation of the narcosis target

lipid model for petroleum products: gasoline as a case study. Environ Toxicol Chem 24:2382-2394.
19.

Meyers PA. 1977. Fatty acids and hydrocarbons of caribbean corals. Proceedings, 3rd

International Coral Reef Symposium, Miami, FL, USA, 1977, pp 529-535.
20.

Negri AP, Brinkman DL, Flores F, Botté ES, Jones RJ, Webster NS. 2016. Acute ecotoxicology

of natural oil and gas condensate to coral reef larvae. Scientific Reports 6:21153.
21.

Achten C, Andersson JT. 2015. Overview of polycyclic aromatic compounds (PAC). Polycyc

Aromatic Compounds 35:177-186.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
22.

de Hoop L, Schipper AM, Leuven RS, Huijbregts MA, Olsen GH, Smit MG, Hendriks AJ.

2011. Sensitivity of polar and temperate marine organisms to oil components. Environ Sci Technol
45:9017-9023.
23.

Mercurio P, Negri AP, Burns KA, Heyward AJ. 2004. The ecotoxicology of vegetable versus

mineral based lubricating oils: 3. coral fertilization and adult corals. Environ Pollut 129:183-194.
24.

Neff JM, Anderson JW. 1981. Response of marine animals to petroleum and specific petroleum

hydrocarbons. Applied Science Publishers, Ltd., London, UK.
25.

Hawthorne SB, Miller DJ, Kreitinger JP. 2006. Measurement of total polycyclic aromatic

hydrocarbon concentrations in sediments and toxic units used for estimating risk to benthic
invertebrates at manufactured gas plant sites. Environ Toxicol Chem 25:287-296.
26.

Vargas-Angel B, Riegl BM, Dodge RE, Gilliam D. 2006. An experimental histopathological

rating scale of sedimentation stress in the Caribbean coral Montastraea cavernosa. Proceedings, 10th
International Coral Reef Symposium, Okinawa, Japan, May 20, 2006, pp 1168-1172.
27.

Butler JD. 2013. The application of a passive dosing system for determining zebrafish early life

stage toxicity of hydrocarbons for use in calibrating a predictive model to acute and chronic endpoints.
Ph.D. thesis. Rutgers University, New Brunswick, NJ, USA.
28.

Lirman D, Formel N, Schopmeyer S, Ault JS, Smith SG, Gilliam D, Riegl BM. 2014. Percent

recent mortality (PRM) of stony corals as an ecological indicator of coral reef condition. Ecol
Indicators 44:120-127.
29.

USEPA. 2002. Methods for measuring the acute toxicity of effluents and receiving waters to

freshwater and marine organisms. EPA 821-R-02-012. US Environmental Protection Agency, Office of
Water, Washington, DC.
30.

Smith KE, Dom N, Blust R, Mayer P. 2010. Controlling and maintaining exposure of

hydrophobic organic compounds in aquatic toxicity tests by passive dosing. Aquat Toxicol 98:15-24.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt
31.

Kegler P, Baum G, Indriana LF, Wild C, Kunzmann A. 2015. Physiological response of the

hard coral Pocillopora verrucosa from Lombok, Indonesia, to two common pollutants in combination
with high temperature. PLoS One 10:e0142744.
32.

Saiz E, Movilla J, Yebra L, Barata C, Calbet A. 2009. Lethal and sublethal effects of

naphthalene and 1,2-dimethylnaphthalene on naupliar and adult stages of the marine cyclopoid
copepod Oithona davisae. Environ Pollut 157:1219-1226.
33.

Thompson Jr JH, Shinn EA, Bright TJ. 1980. Effects of drilling mud on seven species of reef-

building corals as measured in the field and laboratory. Elsevier Oceanogr Ser 27:433-453.
34.

Brown BE, Bythell JC. 2005. Perspectives on mucus secretion in reef corals. Mar Ecol Prog

Ser 296:291-309.
35.

Howell R. 1982. The secretion of mucus by marine nematodes (Enoplus spp) - a possible

mechanism influencing the uptake and loss of heavy-metal pollutants. Nematologica 28:110-114.
36.

Howard LS, Brown BE. 1984. Heavy-metals and reef corals. Oceanogr Mar Biol 22:195-210.

37.

Palmer CV, Bythell JC, Willis BL. 2010. Levels of immunity parameters underpin bleaching

and disease susceptibility of reef corals. FASEB J 24:1935-1946.
38.

Olsen GH, Smit MG, Carroll J, Jaeger I, Smith T, Camus L. 2011. Arctic versus temperate

comparison of risk assessment metrics for 2-methyl-naphthalene. Mar Environ Res 72:179-187.
39.

Caldwell RS, Caldawne EM, Mallon MH. 1977. Effects of a seawater fraction of Cook Inlet

crude oil and its major aramatic components on larval stages of the Dungeness crab, Cancer magister
(Dana). In Wolfe DA, ed, Fate and effects of petroleum hydrocarbons in marine organisms and
ecosystems. Pergamon Press, New York, NY, USA, pp 210-220.
40.

Peachey RBJ. 2005. The synergism between hydrocarbon pollutants and UV radiation: a

potential link between coastal pollution and larval mortality. J Exp Mar Biol Ecol 315:103-114.

This article is protected by copyright. All rights reserved

A c c e p t e d P r e p r i nt

Figure 1. Recirculating continuous flow exposure apparatus. Water is continuously supplied to a 500
mL glass exposure chamber from an individual 2 L dosing vessel by a multi-channel peristaltic pump
(flow rate=5 mL/min) by Viton tubing. 1-methylnaphthalene was passively dosed using
polydimethylsiloxane (PDMS) O-rings as a reservoir; 35 O-rings were placed in the stirred dosing
vessel and 3 O-rings were placed in the individual exposure chambers. Water samples for hydrocarbon
analysis were collected from a sampling port on the exposure outflow.
Figure 2. Porites divaricata. Coral physical response to 1-methylnaphthalene at 12 and 48 h of
exposure. A) Seawater control, B) 640 µg/L treatment, C) 5,427 µg/L treatment, and D) 25,832 µg/L
treatment.

Figure 3. Porites divaricata. A) Coral condition scores (mean ± SE) during pre-exposure (at end of preexposure), exposure (after 48 h), and post exposure (after 1 wk of recovery) periods, and B) effective
quantum yield (mean ± SE) during pre-exposure (at end of pre-exposure), exposure (after 48 h), and
post exposure (after 1 wk of recovery) periods. Letters above each bar represent statistical differences
between treatments at each time point (a-c; α=0.05).
Figure 4. Porites divaricata. Histological micrographs of coenenchyme after 48 h of exposure. A)
MeOH control coral, B) 640 µg/L exposed coral and C) 5,427 µg/L exposed coral. ep=epidermis,
gd=gastrodermis, am=granular amoebocyte, mu=mucocyte. Scale bars=50 µm.
Figure 5. Porites divaricata. Histological characteristics (mean ± SE) from coenenchyme after 48 h of
exposure. A) Epidermis mucus area %, B) gastrodermis mucus area %, C) epidermis pigmented
granular amoebocyte area % and D) gastrodermis pigmented granular amoebocyte area %. pigm. gran.
amoe. = pigmented granular amoebocyte. Letters above each bar represent statistical differences
between treatments (a-c; α=0.05).
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Table 1. Measured concentrations of 1-methylnaphthalene (µg/L) (mean ± SD) for each treatment at 0,
24, and 48 h of the exposure period
Mean measured concentrations (±SD) of 1-methylnaphthalene (µg/L)

Treatment

0h

24 h

48 h

Seawater Control

5.9 ± 2.4

7.5 ± 2.7

4.4 ± 3.3

MeOH Control

6.5 ± 2.8

7.1 ± 2.9

3.8 ± 1.1

643.0 ± 27.7

637.3 ± 37.2

639.9 ± 34.8

5,427 µg/L

5,021.7 ± 1,111.4

5,575.6 ± 808.4

5,683.7 ± 783.9

25, 832 µg/L

26,637.3 ± 841.8

25,762.6 ± 499.9

25,095.0 ± 1,480.1

640 µg/L
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